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Raman spectroscopyThis work focuses on the crystallization of amorphous germanium (a-Ge) thin ﬁlms induced by manganese
species. A series of Mn-containing a-Ge ﬁlms ([Mn] ~0−3.7 at.% range) was deposited at 150 °C by the
cosputtering technique. After deposition, all ﬁlms were submitted to isochronal thermal annealing treatments
up to 600 °C and analyzed by Raman scattering, optical transmission spectroscopy and electrical resistivity mea-
surements. The experimental results indicate that: (a) Mn impurity lowers the crystallization temperature of
a-Ge in ~100 °C, as conﬁrmed by the Raman analyses, (b) the optical properties of the ﬁlms are affected by both
the insertion of Mn and the temperature of thermal treatment, with the optical bandgap staying in the range of
~0.7−1 eV, and (c) the electrical resistivity of the samples is also inﬂuenced by the Mn concentration and by
the temperature of annealing, varying between ~1.0×101 and 1.6×104Ω cm. These experimental observations
were systematically studied and the possible reasons associated to them are presented and discussed.lsevier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Metal-induced crystallization (MIC) is a well-known phenomenon
in which amorphous (a-) semiconductors crystallize, at relatively low
temperatures, in the presence of certain metallic species [1,2]. Because
of some of its characteristics, MIC has been considered as an alternative
crystallization method for the fabrication of electronic devices such as
thin-ﬁlm transistors and solar cells [3,4]. Indeed, the crystallization of
a-semiconductors by MIC is a low-thermal budgetary method totally
compatible with the technological processes involved in the production
of thin ﬁlm solar cells which, in addition, allows the use of low-cost
(lower-melting temperature) substrates.
There have been numerous reports using the MIC technique on ﬁlms
such as a-Si, a-Ge and a-SiGe. In most of these cases, the research has
been based on layered structures in which interfacial reactions take
place at a-semiconductor/metal ﬁlms [5–10]. A different and comple-
mentary approach to investigate theMIC process considers the insertion
of a controlled andhomogeneously distributed amount ofmetal atoms in
the a-network [11]. This method provides a system free of uncontrolla-
ble-undesirable effects such as the presence of contaminants, surface
barrier effects, and (un)reacted metallic precursors.
Recently, we have described detailed investigations on the crystal-
lization process of Ni-containing a-Si ﬁlms by using Raman spectros-
copy [12–14]. In a similar way, and driven by the above facts, this
work reports a study about Mn-containing a-Ge ﬁlms. Towards thisend, the ﬁlms were analyzed by optical spectroscopy (Raman and
transmission) and electrical resistivity measurements. Moreover,
this study adds-up valuable information to a previous report on the
structural, optical and morphological properties of a-GeMn ﬁlms [15].2. Experimental
The ﬁlms considered in this study were prepared by radio frequency
(13.56 MHz) sputtering a crystalline Ge (+Mn) target in an atmosphere
of pure argon. The variation of the relative Mn-to-Ge target area guaran-
teed a uniform and controlled Mn insertion into the samples [12], with
Mn in the ~0.1–3.7 at.% concentration range. For comparison reasons,
oneMn-free a-Ge ﬁlmwas also prepared under identical nominal condi-
tions. The ﬁlms, typically 1700 nm thick, were deposited onto crystalline
(c-) quartz and glass substrates kept at 150 °C during deposition.
The composition of all ﬁlms was conﬁrmed by energy dispersive x-ray
spectrometry (EDS) data obtained from a 20 kV electron beam imping-
ing on a ~100 μm×100 μm sample area [15]. After deposition the ﬁlms
were thermally annealed in the 200−600 °C temperature range in an at-
mosphere of argon. The treatments were isochronal (15 min each) in
steps of 100 °C. The atomic structure of the ﬁlms was investigated by
Raman scattering spectroscopy. The Ramanmeasurements were carried
out at room temperature and employed a HeNe laser (632.8 nm wave-
length) in the backscattering geometry. Sample areas of typically 1 μm2
were analyzed using an average power density of ~200 μW μm−2. The
optical properties of the ﬁlms were examined bymeans of optical trans-
mission measurements in the ~1200−2200 nm wavelength region
(near-infrared range). Finally, the electrical resistivity measurements
Fig. 2. Optical transmission spectra in the 1200–2200 nm wavelength range of a-Ge
ﬁlms deposited on c-quartz (pure and containing ~3.7 at.% of Mn), as-deposited and
thermally annealed up to 500 °C.
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Pauw technique [16].
3. Results
The structural characteristics of the present a-GeMn ﬁlms were in-
vestigated mostly by means of Raman scattering spectroscopy, and
someof the results are displayed in Fig. 1. According to the Raman results
of Fig. 1, the broad scattering signal at ~270 cm−1 indicates that theMn-
free ﬁlm thermally annealed up to 500 °C is essentially amorphous [11].
On the contrary, the development of Ge crystallites, as evidenced by the
signal at ~300 cm−1, is clearly seen in the ﬁlm containing ~3.7 at.% ofMn
after thermal treatment up to the same temperature.
In addition to the structural investigation, the present a-GeMn
samples deposited on c-quartz were submitted to optical transmission
measurements in the near-infrared range. Fig. 2 shows the optical
transmission spectra of some of the investigated ﬁlms, as-deposited
and thermally annealed up to 500 °C. Interference fringes, due to the
ﬁlm−substrate interface [17], and a considerable transmission decrease
with the Mn insertion are apparent from the ﬁgure. Also, there is a sig-
niﬁcant enhancement in the optical transmission of the thermally
annealed ﬁlms.
Fig. 3 shows an accurate analysis of the Raman spectra of someof the
present studied a-GeMn samples, giving an evaluation of the crystalliza-
tion degree of the ﬁlms. Additionally, Fig. 4(a) shows the E04 optical
bandgap (energy at which the absorption coefﬁcient is 104 cm−1, as
obtained from the transmission spectra) for some samples.
At last, the electrical resistivity of the present studied a-GeMn ﬁlms
deposited on glass substrates was measured at room-temperature using
an apparatus based on the standard DC van der Pauw technique. The
main results are shown in Fig. 4(b), which reveals the effect that both
the Mn insertion as well as the thermal treatments has on the resistivity
of the samples.
4. Discussion
The Raman signal due to the transversal-optical-like (TO-like)
mode present in the studied a-GeMn ﬁlms was ﬁtted with Gaussian
functions (see inset of Fig. 3). The ratio between the integrated
areas of the different contributions considered provides a goodFig. 1. Raman spectra as a function of the thermal annealing temperature, of a-Ge ﬁlms
deposited on c-quartz: pure and containing ~3.7 at.% of Mn. The Raman contributions
at approximately 270 and 300 cm−1 (corresponding to the ﬁrst order Ge-related
transverse-optical-like phonon modes) indicate the presence of a-Ge and Ge crystal-
lites, respectively. Up to 400 °C the Raman spectra of both Mn-free and Mn-containing
ﬁlms are essentially the same. The spectra have been normalized and vertically shifted
for comparison purposes.estimate of the crystalline character of the ﬁlms [11]. Some of the re-
sults of this approach are shown in Fig. 3.
Based on Fig. 3 and on the Raman results of all studied a-GeMn
samples, it is clear that there is a decrease in the crystallization temper-
ature with the increase in the manganese concentration. Strictly, the
samples containing 0 (Mn-free), ~0.1 and 0.3 at.% of Mn crystallize
only after annealing at 600 °C (not shown), and ﬁlms with [Mn] ~1.2
and 3.7 at.% crystallize at 500 °C. Additionally, it was observed that
ﬁlms containing higher amounts of Mn (15.4 and 24.0 at.%) crystallize
at ~400 °C [15]. This behavior is a clear indication of the metal-
induced crystallization (MIC) phenomenon. The mechanisms behind
the MIC occurrence can be due to chemical and/or mechanical charac-
ter, although structural rearrangement and some atomic diffusion due
to thermal annealing (especially at high temperatures) can contribute
to the crystallization process. In fact, similarly to that observed in a-
SiNi ﬁlms [12], the crystallization of the present a-GeMn samples is ho-
mogeneous, since the thermal treatment induces the development of
nanostructures (probably Ge crystallites) regularly distributed on the
surface of the ﬁlms, as previously investigated by microscopy tech-
niques [15].Fig. 3. Crystalline fraction (as estimated fromRaman analyses) as a function of the anneal-
ing temperature of a-GeMn ﬁlms: without Mn (Mn-free) and containing ~1.2 and 3.7 at.%
of Mn. AD stands for as-deposited. The lines joining the data points are just guides to the
eye. The inset displays the Raman spectrum of the a-GeMn ﬁlm with [Mn] ~3.7 at.%, after
annealing at 500 °C, and its three main contributions: amorphous (at ~270 cm−1), due to
small crystallites and/or interfacial effects (at ~290 cm−1), and relatively large Ge crystals
(at ~300 cm−1).
ab
Fig. 4. (a) E04 optical bandgap and (b) electrical resistivity as a function of theMn concen-
tration for as-deposited, and thermally annealed (up to 400 and 500 °C) a-GeMn ﬁlms.
The lines are just guides to the eye. The E04 values stayed in the range of ~0.7−1 eV,
and the resistivity varied between ~1.0×101 and 1.6×104Ω cm.
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able transmission decrease with the Mn insertion is evident, as al-
ready pointed out. In fact, this reduction was systematic, and scaled
with the Mn concentration [15]. This is typical of heavily-doped semi-
conductor compounds and occurs because of extrinsic and/or free-
carrier absorption processes associated with the presence of Mn
[18,19]. As well, the signiﬁcant enhancement in the optical transmis-
sion of the thermally annealed ﬁlms implies in a higher transparency.
This phenomenon is associated with small changes in the atomic
structure of the amorphous ﬁlms, with the consequent suppression
of band-tail (or defect) states which are responsible for the optical
absorption processes [20,21].
Moreover, from the transmission spectra of the present studied a-
GeMn ﬁlms, the E04 optical bandgap (energy at which the absorption
coefﬁcient is 104 cm−1) was obtained [21], and is displayed in Fig. 4
(a) for as-deposited and thermally annealed samples. As can be seen:
(a) up to [Mn] ~0.3 at.% (doping level) the optical absorption of the
ﬁlms is comparable to that of pure a-Ge, (b) for [Mn] ≥1 at.% (alloying
regime) E04 decreases with increasing Mn content, and (c) E04 tends to
enhance after thermal annealing at increasing temperatures.
Finally, as can be seen from Fig. 4(b), the effect that both the Mn in-
sertion and the thermal treatments has on the resistivity of the samples,
in a certain way, is similar (and associated) to that observed on the E04
optical bandgap. Typically, (a) the resistivity signiﬁcantly decreases
with increasing Mn content, (b) their values tend to increase with in-
creasing annealing temperature, and (c) in contrast, samples with
[Mn] ≥1 at.% after annealing at 500 °C, i.e., at the temperature of crys-
tallization, have their resistivity diminished in comparison with the
same ﬁlms annealed at 400 °C, which have amorphous structure (see
Figs. 1 and 3). The ﬁrst observation was expected since the carrier con-
centration probably increaseswith theMn content, and, therefore, elec-
tronic defect states are introduced [see Fig. 4(a)], diminishing the
resistivity of the ﬁlms. The second one is a consequence of thesuppression of the defect states [Fig. 4(a)], possibly due to changes in
the amorphous atomic structure of the ﬁlms. Also, an enhancement of
the crystalline nature of the samples after thermal annealing could
cause a decrease in the carrier mobility due to scattering as a conse-
quence of grain size effects or grain boundaries, augmenting the resis-
tivity of the samples. At last, a feasible explanation for the third
statement is an increase in themobility of the carriers after an addition-
al augment of the crystalline quality of theﬁlmswith [Mn]≥1 at.% ther-
mally annealed up to 500 °C. The grain size pattern of these ﬁlms could
reach a conﬁguration that favored themobility of the carriers, diminish-
ing the resistivity. Also, it is expected the development of GeMn com-
pounds as the thermal annealing advances, mainly in ﬁlms with high
Mn contents. The Mn5Ge3 germanide, for example, detected by x-ray
diffraction (XRD) in thermally annealed a-Ge samples containing high
amounts of Mn [15], has an extremely small resistivity [22], which can
contribute to decrease the resistivity of the a-GeMn ﬁlms.
5. Conclusions
The metal-induced crystallization in a-Ge ﬁlms with Mn concen-
trations in the range of ~0−3.7 at.% was investigated by Raman spec-
troscopy as a function of the annealing temperature. Optical and
electrical characterizations were also performed. The main ﬁndings
of the manuscript can be summarized as: (a) Mn impurity can dimin-
ish the crystallization temperature of amorphous germanium in
~100 °C; (b) it was observed that the optical bandgap, and transmis-
sion, of the a-GeMn ﬁlms decrease with increasing Mn content; (c)
thermal annealing treatments are responsible for the improvement
of their optical properties; and (d) it was found that the electrical re-
sistivity of the samples is highly inﬂuenced by the Mn concentration
and by the temperature of annealing.
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